for CSF Aβ 1-42 , phosphorylated tau (p-tau 181 ), and total tau (t-tau). An unsupervised analysis of longitudinal measurements revealed that for Aβ 1-42 and p-tau 181 biomarkers there was a group of subjects with stable longitudinal CSF biomarkers measures and a group of subjects who showed a decrease (Aβ 1-42 , mean = −9.2 pg/ml/year) or increase (p-tau 181 , mean = 5.1 pg/ml/year) of these biomarker values. low baseline Aβ 1-42 values were associated with longitudinal increases in p-tau 181 . Conversely, high baseline p-tau 181 values were not associated with changes in Aβ 1-42 levels. When the subjects with normal baseline biomarkers and stable concentrations during follow-up were excluded, the expected time to reach abnormal CSF levels and the mean AD values was significantly shortened. Thus, our data demonstrate for the first time that there are distinct populations of ADNI subjects with abnormal longitudinal changes in CSF p-tau 181 and Aβ 1-42 levels, and our longitudinal results favor the hypothesis that Aβ 1-42 changes precede p-tau 181 changes.
Introduction
recent discoveries have led to a revised hypothetical Alzheimer's disease (AD) progression model which is characterized by sequential and overlapping changes in chemical and imaging AD biomarkers that reflect the underlying pathological changes in the brains of subjects at different stages in the onset and progression of AD [12] . Whereas these recent publications have described the longitudinal magnetic resonance imaging (MrI) changes and some studies describing serial parenchymal Aβ amyloid imaging measurements Abstract The dynamics of cerebrospinal fluid (CSF) tau and Aβ biomarkers over time in Alzheimer's disease (AD) patients from prodromal pre-symptomatic to severe stages of dementia have not been clearly defined and recent studies, most of which are cross-sectional, present conflicting findings. To clarify this issue, we analyzed the longitudinal CSF tau and Aβ biomarker data from 142 of the AD Neuroimaging Initiative (ADNI) study subjects [18 AD, 74 mild cognitive impairment (MCI), and 50 cognitively normal subjects (CN)]. Yearly follow-up CSF collections and studies were conducted for up to 48 months (median = 36 months) J. B. Toledo and S. X. Xie contributed equally to this paper.
For the Alzheimer's Disease Neuroimaging Initiative
Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.ucla.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/ or provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be found at http://adni.loni.ucla.edu/wp-content/uploads/how_to_ apply/ADNI_Acknowledgement_list.pdf. using positron emission tomography (PeT) ligands, the data regarding cerebrospinal fluid (CSF) measurements of Aβ , phosphorylated tau (p-tau 181 ), and total tau (t-tau) are limited and most studies are cross-sectional or are based on only a few measurements per longitudinally followed subjects over limited periods of time [4, 5, 14, 17, 18, 21, 29] . Therefore, most efforts to confirm the CSF biomarker model proposed by Jack et al. [12] have been made using statistical synchronization techniques in sporadic AD cases [41] and crosssectional data from subjects with autosomal dominant AD mutations with a known age of clinical dementia onset [1, 9, 27] . recently, the Australian Imaging Biomarker and lifestyle study of aging (AIBl) and the Mayo Clinic Study of aging have reported the temporal dynamics of Aβ amyloid deposition in the brain using Pittsburg B-compound (PiB) combined with positron emission tomography (PiB-PeT) imaging [14, 37, 38] . Based on their results, Villemagne et al. proposed that in the groups with and without pathological levels of Aβ amyloid deposition there were two subgroups of subjects, i.e. one consisting of subjects who showed no changes and a second group that showed an increased deposition of Aβ amyloid over time. These results have not been validated in other PeT or CSF based studies of Aβ pathology, and measures of CSF t-tau and p-tau 181 were not incorporated into the studies of Villemagne et al.
Although lumbar punctures to obtain CSF for biomarker measurements are mildly invasive, they are considered relatively safe, acceptable to patients and controls [23, 24] , and sampling CSF offers the possibility to measure several biomarkers at the time of lumbar puncture while CSF aliquots can be stored in biobanks for future studies of other biomarkers. Three proteins are currently regarded as established CSF biomarkers of AD pathology: Aβ 1-42 , t-tau and p-tau 181 . In our study, we sought to analyze the CSF biomarker dynamics in a cohort that included cognitively normal (CN), mild cognitive impairment (MCI) and early stage AD subjects that had their CSF sampled repeatedly annually up to a follow-up of 48 months.
Methods

Participants
Data used in the preparation of this article, data file UPeNNBIOMK4.csv, were downloaded from the AD Neuroimaging Initiative (ADNI) database 5 March 2013. The ADNI was launched in 2004 by the National Institute on Aging, the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration, private pharmaceutical companies and non-profit organizations, which has been extensively reviewed elsewhere [40] (see additional information in http://www.adni-info.org and supplementary material). Here, we studied 142 subjects (50 CN, 74 MCI and 18 AD) belonging to ADNI 1 (see supplementary material and previous description of the cohort [25] ) who volunteered to participate in an add-on longitudinal CSF biomarker study and who provided at least three longitudinal CSF samples after baseline CSF sampling (Tables 1, 2) . 56 subjects did not give five CSF samples but continued the clinical followups, 54 subjects were lost to follow-up before 48 months and 32 subjects gave CSF samples up to the fourth year's visit. MCI diagnosis was established based on the Petersen criteria [25, 26] and the AD diagnosis was based on the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and related Disorders Association criteria for probable AD [20, 25] .
Biomarker collection and analysis
Baseline CSF samples were obtained in the morning after an overnight fast and processed as previously described [30, 31] (http://www.adni-info.org/). Briefly, CSF was collected into polypropylene collection tubes or syringes provided to each site, then transferred into polypropylene transfer tubes without any centrifugation step followed by freezing on dry ice within 1 h after collection, and shipped overnight to the ADNI Biomarker Core laboratory at the University of Pennsylvania Medical Center on dry ice. Aliquots (0.5 ml) were prepared from these samples after thawing (1 h) at room temperature and gentle mixing. The aliquots were stored in bar code-labeled polypropylene vials at −80 °C. Aβ , t-tau, and p-tau 181 were measured using the multiplex xMAP luminex platform (luminex Corp, Austin, TX) with Innogenetics (INNO-BIA AlzBio3; ghent, Belgium; for research use-only reagents) immunoassay kit-based reagents. The capture monoclonal antibodies used were 4D7A3 for Aβ , AT120 for t-tau and AT270 for p-tau 181 . The analyte-specific detector antibodies were HT7, for tau, and 3D6, for the N-terminus of Aβ (immunoassay performance details as described in Shaw et al. [31] ). Fresh, never before thawed 0.5-ml aliquots for each subject's set of longitudinal time points were analyzed on the same 96-well plate in the same analytical run for this study to minimize run-to-run and reagent kit lot sources of variation. Within-run coefficient of variation (%CV) for duplicate samples ranged from 2.5 to 5.9 % for Aβ 1-42 , 2.2-6.3 % for t-tau and 2.0-6.5 % for p-tau 181 and the inter-run %CV for CSF pool samples ranged from 5.1 to 14 % for Aβ 1-42 , 2.7-11.2 % for t-tau and 3.3-11.5 % for p-tau 181 .
Statistical analysis
For the univariate group comparisons, ANOVA and Chi square tests were applied for quantitative and qualitative variables, respectively, and the Kruskall-Wallis test was applied for non-normally distributed variables. CSF biomarker changes for the finite mixture model analysis were calculated subtracting the CSF baseline visit values from last available measurement of the studied subjects, sampled 36-48 months after the baseline CSF draw (n = 89). We selected this interval to maximize the number of subjects and optimize the time between visits to analyze the changes during a longer period and capture changes and patterns that might be only found for longer follow-up periods. We hypothesized that the population of subjects that have normal CSF baseline values is a mixture of subjects who will show at least two distinct longitudinal profiles, namely those who will stay stable and those who will decrease (for Aβ ) or increase (for t-tau and p-tau 181 ) their measured values indicating that parenchymal deposition of tau and Aβ into tangles and plaques, respectively, is taking place. Therefore, a finite mixture model [10, 11] was fitted to the CSF biomarker change values and the Bayesian information criterion was used to select the best model. In addition, we fitted power models [2] to estimate the yearly CSF changes associated with a specific CSF value and we derived the expected CSF biomarker changes using the modified euler method [33] .
We constructed a mixed-effects model [15] to quantify patterns of CSF biomarkers longitudinally from time of entry into the study. Our model specified the intercept and the regression coefficient for the follow-up time as subject-specific random variables. Thus, follow-up time was treated as a random effect in addition to being treated as a fixed-effect (see below). The population mean coefficient for the follow-up time was estimated by averaging across the subject-specific regression coefficients for the follow-up time. Follow-up time was treated as a continuous variable. Fixed effects in the model included follow-up time, baseline clinical diagnosis, APOe ε4 presence, age at baseline and baseline biomarkers. The interaction of clinical diagnosis and APOe with follow-up time was included. A second mixed-effects model studied the association of 
Results
Demographic data
Median follow-up time between the baseline and last CSF sample was 35.8 months. Table 1 provides demographic information for the study cohort and the number of measurements and diagnoses at each visit is summarized in Table 2 . Biomarker concentration values at the different visits, stratified by baseline clinical diagnosis, are represented in Fig. 1 We first analyzed the data to determine if there were different rates of CSF biomarker changes for Aβ , t-tau and p-tau 181 during the onset and progression of AD. We selected subjects whose last CSF sample was obtained between 36 and 48 months after the first baseline visit CSF sample (n = 89) and subtracted the baseline visit value from the last visit value. These absolute changes in biomarker concentrations during follow-up were plotted versus the corresponding baseline visit values (Fig. 2) (Fig. 3c) . We present the clinical and demographic characteristics of these groups in Supplementary Tables 2 and 3 .
To test the chronology of Aβ 1-42 and p-tau 181 changes, we asked if baseline abnormal values of Aβ 1-42 predicted longitudinal changes of p-tau 181 and t-tau and vice versa, in age, gender and APOe-adjusted linear regression models. Only the presence of abnormal baseline Aβ 1-42 values predicted the increase of p-tau 181 during follow-up (t = −2.7, p = 0.009), but neither baseline p-tau 181 (t = −0.8, p = 0.43) nor t-tau (t = −1.6, p = 0.13) baseline visit values predicted changes of Aβ values (for the tau analyses predicting Aβ 1-42 changes the Aβ-Sg subjects with abnormal baseline values were excluded). We asked if our analysis could identify which Aβ 1-42 values predicted a faster increase of p-tau 181 , but with the available data points we were not able to obtain a reliable estimate (data not shown).
Modeling of longitudinal CSF changes
We estimated the functions that modeled the yearly change of CSF Aβ 1-42 and p-tau 181 based on their baseline visit values (Fig. 4a, b) . For each of the biomarkers we calculated two models; the first one was based on all the subjects (blue lines, filled and empty circles) and the second model (red lines, only filled circles) took into account the results of the finite mixture model, i.e. we excluded subjects with normal baseline visit biomarker values who did not show biomarker changes during follow-up. We developed the second model to project changes in subjects who are changing to avoid the averaging subjects who remain stable during follow-up. For Aβ values, the time to reach the abnormal cutpoints, i.e. 192 pg/ml, starting at 295 pg/ml was 18.6 years if the model with all subjects was used (blue), whereas this time shortened to 8.6 years when the model that excluded the Aβ-Sg (empty circles, red line) was applied (Fig. 4c) . Similarly in the p-tau 181 model, the time to reach the p-tau 181 pathological threshold shortened from 6.2 to 2.9 years when PT-Sg (empty circles) was excluded (Fig. 4d) . The time to reach the median Aβ 1-42 values present in the AD group was 35.6 years for the model with all the subjects and 26.3 years for the model that excludes the Aβ-Sg with normal Aβ 1-42 baseline values. For p-tau 181 , the expected times were 10 (all subjects) and 6 years (excluding PT-Sg), respectively. Supplementary Tables 4  and 5 
longitudinal CSF analysis using mixed-effects model analysis
We then quantified the yearly changes applying a mixedeffects model analysis that analyzed the association of different predictors with baseline values and longitudinal changes of the three studied CSF biomarkers (n = 142, Table 3 ). The predictors were clinical diagnosis, age at baseline and APOe. For the model that studied Aβ 1-42 we included baseline p-tau 181 values as a predictor, whereas in the models that studied t-tau and p-tau 181 we included baseline Aβ 1-42 as predictor to study the association between these biomarkers.
MCI and AD diagnoses were associated with lower and higher levels of Aβ 1-42 and t-tau at baseline, respectively. On the other hand, baseline clinical diagnosis was not associated with baseline p-tau 181 . However, MCI and AD clinical diagnoses were significantly associated with increased p-tau 181 levels when baseline Aβ was not included in the model (data not shown). Aβ 1-42 (t = −3.3, p = 0.001) and p-tau 181 (t = 3.1, p = 0.002) showed a significant decrease and increase in the serial measurements, respectively; however clinical diagnostic groups did not differ in the rate of change (Table 3) . T-tau values showed a non-significant increase in the serial CSF measurements (t = 1.4, p = 0.15) and the AD group showed a significantly decreased rate compared to CN subjects. Although presence of one or more APOe ε4 copies was associated with baseline Aβ values and a trend existed for the association with t-tau and (Fig. 3b) and cognitive changes. In this analysis, the only group which showed a cognitive decline during follow-up was the one that comprised subjects who had abnormal baseline Aβ values that did not further decrease, because the plateau was reached (t = 2.55, p = 0.011). Supplementary Tables 6-8 
Discussion
Using an unsupervised analysis we detected two distinct populations of ADNI subjects with normal baseline visit Aβ 1-42 and p-tau 181 values, who showed different rates of change during serial CSF measurements. Based on these results, the timeframe to reach the abnormal Aβ and p-tau 181 cutpoints [30] was shorter in the model that excluded subjects with normal baseline and longitudinally stable CSF values, and the trajectories did not follow a sigmoid trajectory. In addition, changes in p-tau 181 occurred in a shorter period than changes in Aβ . low baseline Aβ values predicted a greater p-tau 181 increase during the follow-up period here, but high baseline p-tau 181 values were not predictive of any Aβ 1-42 changes. Baseline values, but not longitudinal changes of biomarker levels, were associated with cognitive changes during follow-up.
Our unsupervised finite mixture model analysis detected the presence of two distinct trends in longitudinally measured CSF Aβ , and p-tau 181 biomarkers in ADNI subjects with normal baseline values. A similar approach has been applied to define AD diagnostic cutpoints based on CSF biomarker values [7] and for the analysis of PIB-PeT longitudinal changes [37] . Our findings agree with the notion that a population of individuals with normal baseline biomarker values consists of two subgroups, namely those who will remain stable and those whose CSF Aβ and tau biomarker values change by becoming abnormal which, in the later situation, we interpret to reflect the progressive deposition of Aβ into amyloid plaques and the formation neurofibrillary tangles composed of pathological tau in the brains of these ADNI subjects [34] . When the Aβ-Sg subjects with normal baseline values were excluded, the model did not follow a sigmoid function and the time to reach abnormal Aβ 1-42 levels shortened from 18.6 to 8.6 years. Similar results were observed for p-tau 181 although the time to reach the abnormal cutpoints was much shorter, namely 6.2 and 2.9 years for the model that included all subjects and the one that excluded the PT-Sg, respectively. recently, two cross-sectional studies in patients with autosomal dominant familial AD (FAD) mutations and a known expected time to onset of dementia have indicated that Aβ 1-42 CSF differences between carriers and non-carriers of pathogenic FAD mutations are already present two decades before the onset of dementia [1, 27] . However, it is not known if these results can be extrapolated to sporadic AD cases, as it has been shown that the mechanisms responsible for the accumulation of Aβ deposits differ in autosomal dominant FAD and sporadic AD cases [19, 32] . Four studies have described longitudinal Aβ deposition in the brain using PIB-PeT imaging in a larger number of cases [13, 14, 37, 38] with a mean follow-up of 1.5-2 years, although the last AIBl study had a mean follow-up of 3.8 years. Villain et al. [37] described "Aβ accumulators" and "Aβ non-accumulators" in their study which showed a u-shaped distribution for measures of Aβ change when plotted against baseline values and they reported a higher percentage of "Aβ accumulators" in subjects classified as PIB positive. In our ADNI cohort, the highest percentage of subjects in the Aβ-Dg had normal CSF Aβ 1-42 values at baseline (χ 2 = 7.9, p = 0.005, 41 and 13 % Aβ-Dg in those with normal and abnormal CSF Aβ 1-42 values, respectively). This might be attributed to clinical differences in the subjects recruited for the two cohorts (i.e. comprised mostly of CN subjects in the study by Villain et al. and MCI in our study), differences in cutpoints for the assessment of Aβ amyloid pathology, or the fact that PIB-PeT detects insoluble fibrillar Aβ, whereas the CSF Aβ 1-42 assay measures soluble non-fibrillar species of Aβ 1-42 although a high correlation between measures of Aβ plaque burden and CSF Aβ 1-42 levels has been reported [16, 36] . Villemagne et al. [39] described an association between the APOe ε4 allele and a greater Aβ accumulation, although their analysis was neither adjusted for baseline diagnosis or other covariates, and when they stratified by clinical diagnosis the association was not significant. A nearly significant association was observed in a more recent study, but the model was not adjusted for baseline PIB-PeT values which are higher in subjects with one or more copies of the APOe ε4 allele [38] . Indeed, Jack et al. [14] recently modeled PIB-PeT, and when the model they used to study the rate of Aβ amyloid deposition was adjusted for baseline PIB-PeT values, the effect of the APOe ε4 allele was not significant in agreement with our results. Our results favor the hypothesis that harboring at least one APOe ε4 allele advances in time the onset of Aβ accumulation in line with the effect observed on age of clinical onset of AD [6] . Notably, the model described by Villain et al. [37] describes an exponential increase in PIB-PeT values without a plateau and the model by Jack et al. proposed a sigmoid-shaped increase with a plateau, which was also present in the study by Villemagne [38] . However, in our study, when we included all ADNI samples with 3 years of follow-up (including subjects with normal baseline values who showed no changes), we found a logarithmic shaped curve for changes in the levels of Aβ 1-42 and or p-tau 181 , but when we excluded the ADNI subjects with normal values and stable course the shape changed for both biomarkers. The plateau only persisted for the Aβ 1-42 model, whereas the p-tau 181 model did not reach a plateau when the PT-Sg subjects with normal baseline value were excluded (Fig. 4d) . In our study, the AD group was underrepresented, especially for the longer follow-up. Therefore, our sample might not have had enough AD subjects with a long follow-up to assess the p-tau 181 changes which take place at a later stage than the Aβ 1-42 changes. These observations emphasize the importance of the process of building accurate models of biomarker trajectories of the systematic collection of longitudinal biomarker data within individual cognitively normal subjects and long-term follow-up through the various stages of progression to mild impairment and dementia.
When we studied the association between baseline and longitudinal changes of these CSF biomarkers, we found an association between abnormal baseline Aβ 1-42 values and p-tau 181 increases during follow-up, whereas neither baseline t-tau nor p-tau 181 was associated with an Aβ 1-42 decrease during follow-up. T-tau and p-tau 181 changes were moderately correlated, but none of these changes were associated with Aβ 1-42 changes. This favors the hypothesis that pathological changes in Aβ 1-42 level precede those for p-tau 181 although is it well known that tau deposits in brain as neurofibrillary tangles many years before Aβ deposits as amyloid plaques, although the reasons for these discrepancies in biomarker versus pathology data are not clear [8] .
Clinical diagnosis was associated with baseline of Aβ 1-genotype was associated with baseline Aβ 1-42 (a trend was present for t-tau and p-tau 181 ). However, the only association with longitudinal changes was a decrease in t-tau in AD subjects. Information from longitudinal CSF studies that also include t-tau and p-tau 181 measurements is more limited. Buchhave [5] reported that in subjects followed for up to 9.2 years baseline Aβ 1-42 values did not differ between early and late MCI converters. On the other hand, early converters showed higher baseline t-tau and p-tau 181 values than late converters. These results suggest the pathological changes in Aβ 1-42 levels plateau before or around the onset of the dementia in AD patients. Several studies have compared baseline values with a second CSF measurement obtained 2-3 years later [4, 21, 29] . These studies mainly compared changes based on clinical diagnosis; however, the use of clinical diagnosis that is not neuropathologically validated might be prone to false positive results because of the assumption that all MCI and AD cases will have only AD pathology, but this assumption is incorrect in 7-17 % of AD patients followed to autopsy while the percentage of those with MCI who do or do not have AD pathology is less clear [3, 22, 28, 35] . In addition, baseline biomarker levels have been shown to be the strongest predictor of dementia in our study and in previous PeT studies [14] . Some of these CSF biomarker studies reported increases in t-tau and p-tau 181 [4] were larger in AD subjects [29] , while most studies described a decrease of Aβ 1-42 values although Bouwman et al. [4] described an increase. Seppälä reported that only the presence of an APOe ε4/ε4 genotype (and not ε3/ε4) was associated with Aβ 1-42 decreases or p-tau 181 increases. Mattsson [18] followed a cohort of 30 MCI subjects and collected three CSF samples that were separated 2 years from each other, and although their study mainly focused on classification of clinical progression of MCI subjects, they found no significant changes in CSF values over time, except for p-tau which showed an increase in some subjects.
In our study, we analyzed CSF biomarker dynamics based on their baseline value and also studied the association between CSF tau and Aβ biomarkers. However, when we studied the association with baseline clinical diagnosis in the mixed-effect models, clinical diagnosis was not associated overall with longitudinal changes in CSF biomarker values except a decrease in t-tau in the AD group. However, in the absence of neuropathological validation of the clinical diagnosis, it is not possible to ascertain that these subjects do not have an underlying cause for the cognitive impairment other than or in addition to AD [35] , but the presence of AD-like CSF signature in CN subjects indicates that CSF biomarker changes precede clinical changes and there might be a temporal dissociation between both.
3
There are conflicting results regarding the association between longitudinal biomarker changes and the APOe ε4 genotype. In our sample, only one subject with one or more APOe ε4 alleles had normal baseline Aβ 1-42 values, and most subjects with one or more APOe ε4 alleles were in the Aβ-Sg with abnormal Aβ 1-42 baseline values. These results point to the fact that the APOe ε4 allele can be associated with a decrease of Aβ 1-42 at younger ages, in line with the clinical observation that individuals with an APOe ε4 allele have a younger onset of dementia. Our sample is composed of elderly subjects so, therefore, we cannot confirm if the presence of an APO ε4 is allele associated with changes starting at a younger age, a faster rate of change or both. That said, in our analysis we found that baseline biomarker values were the strongest predictors of the longitudinal cognitive changes. Therefore, differences reported in previous studies may arise from the sampling of subjects at different stages of the process and the composition of the studied cohort (age and distribution of cognitive groups in the sample). In order to assess the specific longitudinal changes associated with APOe ε4 allele and dissociate these changes from a difference in baseline biomarker values an analytical adjustment is necessary. This was the case in the recent study published by Jack et al. [14] that described how the association between an APOe ε4 genotype and longitudinal change in PIB-PeT deposition became not significant when the model was adjusted for baseline values.
lastly, a study by le Bastard confirmed that in CN and AD subjects CSF levels of biomarkers are stable over several weeks [17] and, therefore, changes over time can be expected to reflect progression of the underlying AD neuropathology and not fluctuation of the biomarkers. Finally, in our study, CSF tau and Aβ biomarker changes were not associated with changes in the ADAS-Cog scale during follow-up, and of the three groups defined based on baseline and longitudinal Aβ 1-42 changes, only the Aβ-Sg with abnormal baseline Aβ 1-42 levels showed worse cognitive outcomes during follow-up, which is consistent with the actual disease model [12] .
In conclusion, our results on the analysis of longitudinal data on CSF tau and Aβ show that (1) CSF Aβ 1-42 changes precede p-tau 181 changes; (2) in the normal range of CSF biomarker values, there are distinctive subpopulations of subjects with a different longitudinal course; (3) factoring this variable modifies the expected modeling of biomarker changes. However, further studies of longitudinal changes in CSF tau and Aβ are needed and it is especially important to study longitudinal changes in CSF tau and Aβ in younger populations to establish when these CSF biomarker start to become abnormal and establish how changes are linked mechanistically to the APOe ε4 genotype as well last to the clinical manifestations of accumulating AD pathology.
